Abstract: Understanding trophic interactions in food webs is crucial to revealing the transfer of substances and energy from primary food sources to consumers in aquatic ecosystems. We hypothesize that the trophic structure of consumers can be significantly affected by primary food sources (pelagic, benthic, and littoral sources) through complex trophic interactions. This study used stable isotope analysis and Bayesian mixing models to estimate the trophic levels of fish consumers and the contributions of primary food sources in the three sub-lakes (Eastern, Southern, and Western Dongting) of Lake Dongting, which have different physical and chemical parameters of water, fish species diversity, and plankton (phytoplankton and zooplankton) density. Results showed the differences in community structures of fish among sub-lakes. Fish trophic levels were significantly higher in Eastern Dongting than those in the two other areas. The contributions of primary food sources to fishes were as follows: the pelagic source was the main basal food source in Eastern Dongting, and littoral and pelagic sources played equally essential roles in Southern Dongting; fishes in Western Dongting relied on more benthic source to growth than those in the two other regions. This study can fill gaps in our knowledge of the influence of the underlying food available on trophic structure of consumers by exploring the role of primary food sources and making the trophic structure of consumers in the aquatic food web highly complicated and diverse through control of the distribution of primary food sources.
Introduction
Energy flow from primary sources to aquatic consumers is crucial to understanding the function of lake ecosystems [1] . Previous studies showed that the primary food sources of water ecosystems are more severe sedimentation in Western Dongting provide benefits to benthic algae (benthic sources) [27] . And more littoral sources were found in Southern Dongting because of large-scale poplar cultivation [34] . 
Sample Processing and Treatment
Sampling was carried out from November to December in 2013. Ten sampling sites in Eastern Dongting and six sampling sites each in Southern and Western Dongting were evenly distributed ( Figure 1 ). Samples were collected monthly from each sampling site. All samples collected from the same sub-lake were used as sample replicates. Water samples were collected at 0.5 m below the surface (upper part) and mixed with that from 0.5 m above the sediment surface (lower part) using a 5L Schindler sampler. Water temperature (T), oxidation-reduction potential (ORP), and water depth were measured by the multiparameter water quality meter YSI Pro Plus (Yellow Springs, OH, USA) at 0.5 m below the water surface in situ. Physical and chemical parameters and biotic samples were treated according to the methods described by Huang et al. [35] .
Total nitrogen (TN), total phosphorus, ammonium nitrogen (NH4-N), and nitrate nitrogen (NO3-N) were measured for each water sample in the laboratory according to the methods described in detail by Huang et al. [35] . Water sample (1 L) was preserved in acetic Lugol's solution and concentrated to 50 mL after sedimentation for 48 h for phytoplankton identification [35] . Phytoplankton were counted and measured under 400× magnification by using an Olympus BX41 microscope (Olympus, Tokyo, Japan). Taxonomic identification of phytoplankton was performed according to the method of Hu and Wei [36] . With regard to crustacean zooplankton, 10 L of water samples were sieved through 64 m plankton nets and preserved with 5% formalin for further analysis [35] . Zooplankton were counted and measured under 40× magnification by using an Olympus CX21 microscope (Olympus, Tokyo, Japan) and identified according to the methods of Chiang and Du [37] and Shen [38] . The density of each plankton species was calculated using the methods described by Huang et al. [35] .
Fish samples were obtained from November to December in 2013 in the three sub-lakes of Lake Dongting ( Figure 1 ). Fish species were sampled by local fishermen who were fishing adjacent to the 
Materials and Methods

Study Area
Lake Dongting is situated in the middle reach of the Yangtze River Basin [28, 33] (Figure 1 ). This area connects to the Yangtze River. Hence, Lake Dongting is crucial to the biodiversity conservation of Yangtze floodplain ecosystems, and it serves as an important nursery and feeding ground for numerous fish species [31] . Each area displays different physical and chemical parameters of the water and distributions of primary food sources. Eastern Dongting presents a higher phytoplankton density (pelagic sources) than those of the two other areas ( Table 1) . The faster flow of water and the more severe sedimentation in Western Dongting provide benefits to benthic algae (benthic sources) [27] . And more littoral sources were found in Southern Dongting because of large-scale poplar cultivation [34] .
Sample Processing and Treatment
Total nitrogen (TN), total phosphorus, ammonium nitrogen (NH 4 -N), and nitrate nitrogen (NO 3 -N) were measured for each water sample in the laboratory according to the methods described in detail by Huang et al. [35] . Water sample (1 L) was preserved in acetic Lugol's solution and concentrated to 50 mL after sedimentation for 48 h for phytoplankton identification [35] . Phytoplankton were counted and measured under 400× magnification by using an Olympus BX41 microscope (Olympus, Tokyo, Japan). Taxonomic identification of phytoplankton was performed according to the method of Hu and Wei [36] . With regard to crustacean zooplankton, 10 L of water samples were sieved through 64 m plankton nets and preserved with 5% formalin for further analysis [35] . Zooplankton were counted and measured under 40× magnification by using an Olympus CX21 microscope (Olympus, Tokyo, Japan) and identified according to the methods of Chiang and Du [37] and Shen [38] . The density of each plankton species was calculated using the methods described by Huang et al. [35] .
Fish samples were obtained from November to December in 2013 in the three sub-lakes of Lake Dongting (Figure 1 ). Fish species were sampled by local fishermen who were fishing adjacent to the site with gill and seine nets of the same mesh size during sample collection. The number and weight of fish species and types of fishing gears were also recorded. Unidentified fish species were photographed, placed into the anhydrous ethanol solution, and brought to the laboratory for further identification. A total of 43 fish species were found in the three sub-lakes. Nine economical and dominant fish species, i.e., Ctenopharynodon idellus, Parabramis pekinensis, Hypophthalmichthys molitrix, Aristichthys nobilis, Acheilognathus macropterus, Carassius auratus, Cyprinus carpio, Cultrichthys erythropterus and Siniperca chuatsi, were selected from each sub-lake. Nine replicates of each fish species were collected randomly at each region. Thus, food webs were constructed, and trophic levels were calculated using these nine species. White muscle (dorsal muscle) was removed and collected from fish individually [1, 39] . These muscle samples were placed in refrigerators at −20 • C until the treatment for isotopic analyses.
Primary food sources were also collected from each sub-lake. Particulate organic matter was considered a pelagic source and collected after filtering water samples through glass microfiber filters (Whatman GF/C) [17] . Moreover, benthic sources, which were regarded as attached algae [40] , were collected from stones and aquatic plant leaves. Littoral sources, which were regarded as aquatic plants or terrestrial plants [1] , were also collected from each sub-lake. We also collected freshwater snails (Bellamya aeruginosa) to analyze the trophic levels of consumers in Lake Dongting. Samples for isotopic analyses were immediately treated when samples were brought back to the laboratory.
All samples, which were used for isotopic analyses, i.e., white muscles and food sources sampled from study sites, were rinsed with distilled water and subsequently dried to a constant weight in an oven at 60 • C for at least 48 h [1] . Samples were ground into homogeneous fine powder by mortars and pestles. The powdered samples were kept in Eppendorf tubes and sealed in desiccators with silica gel for later analyses [17] .
Stable Isotope Analyses
Stable C and N isotope ratios were analyzed with a Delta Plus (Finnigan, Bremen, Germany) continuous-flow isotope ratio mass spectrometer directly coupled to a NA2500 elemental analyzer (Carlo Erba Reagenti, Milan, Italy). Stable isotope ratios were expressed in delta (δ) notation in parts per thousand (‰) deviation from the international standards, according to the following equation: δX (‰) = [(R sample /R standard ) − 1] × 1000, where X is the corresponding ratio to 15 N/ 14 N or 13 C/ 12 C, R is 15 N or 13 C, and δ is the measure of heavy to light isotope in the sample. The standards used for carbon and nitrogen isotopes were the Vienna Pee Dee belemnite and atmospheric nitrogen, respectively. Urea was used as an internal working standard (δ 15 N = −1.53% and δ 13 C = −49.44%) for daily analysis. Two standards were run after every 10 samples to correct the instrumental drift during analysis. The deviations in the analysis of δ 13 C and δ 15 N replicates were both at 0.3‰. 
Modeling Trophic Levels
Snails are commonly used to estimate the trophic level of consumers because they are a long-lived primary consumer, which is a more accurate parameter than primary productivity to calculate the trophic level [1, 17] .
Trophic level was calculated as follows: 
Bayesian Mixing Model
Fish diet is considerably complex in freshwater ecosystem. Therefore, we selected the basic and feasible primary food sources to analyze their diet pattern. The contribution of the three types of primary food sources (pelagic, benthic and littoral) to consumers was estimated using Bayesian mixing models, which were implemented in the Stable Isotope Analysis in R package [42] . The trophic enrichment factors were 3.4 ± 1.0‰ and 0.4 ± 1.3‰ for δ 15 N and δ 13 C [1] , respectively, to account for trophic fractionation.
Statistical Analyses
To analyze the differences in stable isotope values between sub-lakes and species, multivariate analysis of variance (MANOVA) was used to compare multivariate variance (δ 15 N and δ 13 C) among sub-lakes and species. Furthermore, the physical and chemical parameters, zooplankton and phytoplankton density, trophic levels of consumers, and contribution proportions of primary food sources in different sub-lakes were analyzed with one-way analysis of variance (ANOVA). The statistical analyses were conducted using IBM SPSS Statistics (Version 20.0). Procrustes analysis by vegan package in R [43] was used to analyse the effect of fish community structures and large proportion native species (Carassius auratus and Cyprinus carpio) on stable isotopic results. All statistically significant values were considered at p < 0.05.
Results
Limnological Parameters and Fish Community Structure
Differences in water quality and densities of plankton were observed in the three study areas of Lake Dongting (Table 1) . Results revealed the large spatial heterogeneity of this lake. Limnological parameters, including water temperature, ORP, water depth, TN, NO 3 -N, and NH 4 -N, showed significant differences in Eastern Dongting (Table 1 ) compared with those in Southern and Western Dongting; in particular, the TN in Eastern Dongting (mean: 1.98 ± 0.14) was higher (one-way ANOVA, F = 9.71, p < 0.01) than that in Southern Dongting (mean: 1.44 ± 0.11). The NO 3 -N in Eastern Dongting (mean: 1.24 ± 0.15) was also considerably higher than those in Southern (mean: 0.64 ± 0.12) and Western (mean: 0.74 ± 0.20) areas (one-way ANOVA, F = 12.01, p < 0.01). Moreover, the density of phyplankton in Eastern Dongting was tenfold higher than those in the two other areas (one-way ANOVA, F = 6.11, p < 0.05).
A total of 43 fish species were surveyed in Lake Dongting. Nine dominant fish species, i.e., C. idellus, P. pekinensis, H. molitrix, A. nobilis, A. macropterus, C. auratus, C. carpio, C. erythropterus, and S. chuatsi, were the important economic fish species. These species also represented different fish trophic status in food web such as herbivorous, planktivorous, omnivorous and carnivorous fish, which can represent the main consumer in a food web. The weight percentages of fish catch of these nine fish species were approximately 75.31%, 80.9%, and 84.24% in Eastern, Southern, and Western Dongting, respectively ( Figure 2 , Table S1 ). Additionaly, the fish community structure differed among these three areas (Figure 2 ). The fish catch percentage, particularly those of C. carpio and C. auratus, varied considerably among different sub-lakes. Furthermore, Eastern Dongting showed a relatively higher percentage of fish catch than those in other sub-lakes, except for C. carpio and C. auratus. The C. carpio percentage (44.19%) in Southern Dongting was 5.8 and 3.2 times higher than those in Western and Eastern Dongting, respectively. The C. auratus percentage in Western Dongting was 55.13%, which was much higher than those in other sub-lakes (Figure 2 ). 
Isotopic Values
Isotope analysis exhibited that the δ 13 
Isotope analysis exhibited that the δ 13 also showed that for C. carpio and C. auratus even fish community structure exerted no influence on the C and N stable isotope values of nine dominant fish species (p > 0.05).
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than those in the two other sub-lakes (F = 14.36, p < 0.001). Procrustes analysis also showed that for C. carpio and C. auratus even fish community structure exerted no influence on the C and N stable isotope values of nine dominant fish species (p > 0.05). 
Trophic Levels of Fishes
The trophic levels of nine dominant fish species were different among the three sub-lakes (Figure 4 ). S. chuatsi showed the highest trophic level in Eastern Dongting, the value was 3.63 ± 0.09, which was significantly higher than those in Southern (mean: 3.34 ± 0.07) and Western Dongting (mean: 3.18 ± 0.06) ( Figure 4 , Table 2 ). The trophic levels of fish species, except that for C. idellus and A. nobilis, in Eastern Dongting were remarkably higher than those in the two other sub-lakes ( Table 2 ). The trophic levels of H. molitrix and C. erythropterus demonstrated considerable difference between each sub-lake (one-way ANOVA, p < 0.05). The trophic levels of P. pekinensis, A. macropterus, C. auratus, C. carpio, and S. chuatsi in Western Dongting were not considerably different than those of fish species in Southern Dongting ( Table 2) . Table 2 . One-way ANOVA (analysis of variance) was used to analyze significant differences in the trophic levels of the same fish species among the sub-lakes. ± 0.06) ( Figure 4 , Table 2 ). The trophic levels of fish species, except that for C. idellus and A. nobilis, in Eastern Dongting were remarkably higher than those in the two other sub-lakes ( Table 2 ). The trophic levels of H. molitrix and C. erythropterus demonstrated considerable difference between each sub-lake (one-way ANOVA, p < 0.05). The trophic levels of P. pekinensis, A. macropterus, C. auratus, C. carpio, and S. chuatsi in Western Dongting were not considerably different than those of fish species in Southern Dongting (Table 2 ). Note: statistically significant relationships at p < 0.05 are indicated by bold letters.
Eastern and Southern Dongting Eastern and Western Dongting
Contribution Proportions of Primary Food Sources to Fishes
The contribution proportions of pelagic sources for fish species in Eastern Dongting were more than 47.45%. Four fish species, i.e., H. molitrix, A. macropterus, C. carpio, and S. chuatsi, showed a proportion of approximately 65.11% in Eastern Dongting; this value was significantly higher than those in Southern (one-way ANOVA, p = 0.07) and Western Dongting (one-way ANOVA, p = 0.03) ( Figure 5 , Table 3 ). Littoral and pelagic sources played the same important role in Southern Dongting, with the contribution proportions ranging from 37.71% to 59.96%. The contribution proportions of 
The contribution proportions of pelagic sources for fish species in Eastern Dongting were more than 47.45%. Four fish species, i.e., H. molitrix, A. macropterus, C. carpio, and S. chuatsi, showed a proportion of approximately 65.11% in Eastern Dongting; this value was significantly higher than those in Southern (one-way ANOVA, p = 0.07) and Western Dongting (one-way ANOVA, p = 0.03) ( Figure 5 , Table 3 ). Littoral and pelagic sources played the same important role in Southern Dongting, with the contribution proportions ranging from 37.71% to 59.96%. The contribution proportions of littoral sources were remarkably higher in Southern Dongting than those in Eastern (one-way ANOVA, p < 0.001) and Western Dongting (one-way ANOVA, p = 0.001). However, benthic sources played a key role in providing food sources for fish in Western Dongting. The contribution proportion of benthic sources in Western Dongting was 1.69 and 2.41 times higher than those in Eastern (one-way ANOVA, p < 0.001) and Southern Dongting (one-way ANOVA, p < 0.001), respectively ( Figure 5 , Table 3 ). Table 3 ). The contribution proportions of three food sources are presented on the y axis. The fish species: 1, C. idellus; 2, P. pekinensis; 3, H. molitrix; 4, A. nobilis; 5, A. macropterus; 6, C. auratus; 7, C. carpio; 8, C. erythropterus; and 9, S. chuatsi are shown on the x-axis.
Discussion
Spatial Differences in Fish Community and Top-Down Effects of Omnivorous Fish on Primary Food Sources
Biological community structures can be changed with distinct water habitats; these structures can also affect the shift in trophic structure of consumers [44, 45] . In the present study, the spatial variation in fish community structures was observed in Lake Dongting (Figure 2 ). This result is supported by previous studies [31, 46] . The results showed that fish species, except for C. carpio and C. auratus, in Eastern Dongting, presented relatively higher fish-catch rates than those in the two other sub-lakes (Figure 2) . Fish diversity and abundance in Eastern Dongting were also higher than those in Southern and Western Dongting [46] . Furthermore, omnivorous fish, such as C. carpio and C. auratus were the native species and they account for a large percentage of the fish catch in Lake Dongting (Figure 2) . Top-down effects should be taken into account because C. carpio and C. auratus can influence the nutrient dynamics and directly and indirectly affect the community structures of primary food sources [47] [48] [49] . Previous study also showed that omnivorous fish can increase the nutrient recycling by enhancing sediment resuspension and excreting nutrients into the water column in dissolved inorganic forms [48] , thereby increasing the density of primary food sources [48] . In the present study, the fish catch rate of C. carpio and C. auratus in Eastern Dongting was lower than those in the two other regions. But TN, NO 3 -N and the density of phytoplankton and zooplankton in Eastern Dongting were the higher than those of the two others. In this case, water environment could be changed by anthropogenic effects [50] [51] [52] [53] . In particular, Eastern Dongting has been affected by human activities [54] , which directly and indirectly affect the diversity of primary food sources and fish trophic structure [18, 55, 56] . Procrustes analysis also showed that for C. carpio and C. auratus even fish community structures exerted no influence on the trophic structure of dominant fish species.
Effect of Primary Food Sources on the Trophic Structure of Fish Consumers
Consumers at high trophic level can indicate the isotopic compositions of their assimilated food [1] . The trophic level index of Lake Dongting has increased in recent years, and the same species in different environmental conditions may show diverse trophic levels [57] . Two key points were used to explain the result that trophic levels of consumers in Eastern Dongting were remarkably higher than those in the two other regions. (1) The first possible explanation is that primary producers are the basic food sources for consumers [1, 2, 17] . Additionally, the contributions of primary food sources to consumers will change in different water habitats [8, 9, 55] , e.g., the contribution proportions of pelagic sources in Eastern Dongting were significantly higher than those in the two other regions (p < 0.05). Therefore, stable isotopic values and contributions of primary food sources among different trophic status habitats may affect the trophic level of consumers; (2) The second possible explanation is the baseline of δ 15 N values. The isotopic values of food source after assimilated diet over a period of time can be reflected in consumers [1, 39] . Each food source item possesses an individual stable isotopic value [17] . In the present study, the δ 15 N values of pelagic source showed considerably higher baselines in Eastern Dongting than those in other sub-lakes. Results showed that TN and NO 3 -N were relatively high in Eastern Dongting. Yang et al. [58] illustrated Eastern Dongting was seriously eutrophic, and Fox et al. [54] also indicated there were intensive human and agricultural activities in Eastern Dongting. Previous studies showed that the δ 15 N values in lakes exhibited a positive correlation with physical and chemical parameters, human activities, and intensive agricultural activities in surrounding areas [59] . However, physical and chemical parameters can also be influenced by anthropogenic and agricultural activities [54, 60] . Hence, we concluded that anthropogenic and agricultural activities could affect the baseline of δ 15 N value of primary food sources, which caused the changes of trophic structure of consumers in complex trophic interactions.
Different Contribution Proportions of Primary Food Sources
There was a significant difference in contributions of primary food sources between the three sub-lakes of Lake Dongting. The contribution proportions of pelagic source varied from 49.45% to 75.51% in Eastern Dongting, thereby suggesting that a pelagic source was the most prominent basal source assimilated by consumers in Eastern Dongting. The key role of a pelagic source for fish consumers in Eastern Dongting may be explained by the following: Firstly, different trophic strategies indicate diverse dietary patterns [20] . Secondly, anthropogenic nutrient input can affect food sources and food webs [50, 55, 56] . Intensive human and agricultural activities in Eastern Dongting made this region eutrophic [54, 61] . Eastern Dongting can offer a large amount of pelagic sources to consumers because of its high phytoplankton density. Thirdly, high phytoplankton density reduced light penetration, which limited the growth of benthic algae (benthic source) and aquatic plant (littoral source) to some extent [40] . Nevertheless, different aquatic conditions were also observed in Southern and Western Dongting. Faster-flowing water and the more severe sedimentation were observed in Western Dongting [27] . Faster-flowing water and sedimentation cause the benthic source, especially attached algae, to grow faster [62] , but phytoplankton cannot replicate quickly in fast-flowing water. The benthic source may be utilized by consumers when Western Dongting has a low density of phytoplankton (pelagic source). Therefore, the benthic source, together with two other primary food sources (benthic and littoral source), was important in Western Dongting. Southern Dongting is surrounded with large-scale poplar cultivation [34] , and this offered a large amount of leaves to the littoral zone. This condition might be the main reason that led to a higher contribution of littoral source in Southern Dongting. These results indicated that the different contribution proportions of primary food sources to consumers are largely affected by underlying food availability in complex trophic interactions. Thus, bottom-up control should be applied by changing the distribution of primary food sources in the lake, such as changing the density and biomass of phytoplankton, periphyton, and aquatic plants [17] or controlling the density of nutrients [63] to adjust the growth of primary food sources [9] ; these changes cannot only increase the available supply of a food source for consumers but also make the trophic structure of consumers in an aquatic food web highly complicated and diverse. Top-down control should also be taken into account because it can affect the diversity and structure of primary food sources [47] [48] [49] . A higher diversity of the predator results in a stronger top-down control, whereas more diverse primary food sources might be less vulnerable to predation [64] , which could contribute to the stability and the resilience of food web [65] .
Conclusions
This study showed that there were differences in fish community structures among three sub-lakes of Lake Dongting. Results indicated that primary food sources can affect the trophic structures of fish species. Consumers can not only change their diet strategies to respond to the complex spatial variation of the environment in lake, but also select a relative abundance of food sources. This observation can explain the different contributions of primary food sources to the trophic structure of consumers and why underlying food availability changes the trophic levels of consumers. Bottom-up control should be applied by changing the distribution of primary food sources in the lake, which can increase the available supply of food sources for consumers and make the trophic level of consumers in the aquatic food web highly complicated and diverse. Top-down control should also be applied to change the diversity of primary food sources. A higher diversity of the predator results in a stronger top-down control, whereas more diverse primary food sources might be less vulnerable to predation, which could contribute to the stability and resilience of the food web. Further information about the effects of primary food sources on trophic dynamics should also be obtained to explore the mechanisms underlying complex trophic interactions. 
